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lowing activation of phospholipase C (Pike and Casey,
1996).
However, for all this accumulated suggestive evi-Summary
dence, direct documentation that membrane localiza-
tion is physiologically necessary for signaling has beenThe plasma membrane of mammalian cells contains
scarce. We show here that in T cells raft integrity isdetergent-resistant membrane rafts enriched in gly-
required for effective T cell receptor (TCR) signal trans-cosphingolipids and cholesterol. Although several im-
duction. TCR activation may be especially sensitive toportant signaling molecules have been found in such
localization because it involves a process of dynamicrafts, evidence documenting a functional role for their
accretion of activated receptor complexes to the deter-localization has been scarce. Using a fractionation
gent-resistant compartment.scheme that preserves tyrosine phosphorylation, we
show that T cell activation leads to a striking compart-
mentation in the rafts of activated T cell receptor and Results
associated signal-transducing molecules. Conditions
that reversibly disrupt raft structure either by dispers- Isolation of Detergent-Resistant
ing their contents or by forcing their internalization Membrane Fractions
reversibly disrupt the earliest steps of T cell activation. The detergent insoluble fraction of lymphocytes is en-
Thus, raft integrity is a prerequisite for efficient T cell riched in phosphatidylinositol (PI)-anchored membrane
receptor signal transduction. proteins (Cinek and Horejsi, 1992) and Src family kinases
(Stefanova et al., 1991; Shenoy-Scaria et al., 1992;Thomas
Introduction and Samelson, 1992). To create a reliable, easily tracked
marker of this fraction, we constructed a gene encoding
The discovery of membrane domains that remain intact a PI-linked immunoglobulin constant region and ex-
in the presence of detergents (Brown and Rose, 1992; pressed it in cells of the Jurkat T cell line. The cells
Cinek and Horejsi, 1992; Kurzchalia et al., 1992; Bohus- were lysed in a buffer containing nonionic detergent,
lav et al., 1993) and their identification with sites of con- and detergent-resistant membrane constituents were
centration of lipid-linked signaling proteins (Cinek and fractionated by isopycnic sucrose gradient centrifuga-
Horejsi, 1992; Bohuslav et al., 1993; Chang et al., 1994; tion under conditions developed to preserve tyrosine
Lisanti et al., 1994b) has prompted a reappraisal of the phosphorylation patterns (Rodgers and Rose, 1996).
importance of membrane differentiation for signal trans- Gradient fractions were analyzed for the presence of
duction (Anderson, 1993; Lisanti et al., 1994a; Casey, proteins known to associate with specific intracellular
1995; Parton and Simons, 1995; Simons and Ikonen, compartments. The detergent-resistant membranes were
1997). Associated with detergent-resistant membrane substantially free of proteins known to be associated
domains in some but not all cells is caveolin, a definitive with cytosol, endoplasmic reticulum, Golgi, endosomes,
(Fra et al., 1995b)marker for caveolae, membrane organ- and lysosomes (Gorvel et al., 1991; Lisanti et al., 1994a).
elles that are thought to participate in the internalization To assess the relative enrichment of proteins in the
and distribution of the cargo of phospholipid-anchored DIG fraction, we prepared total cell membranes by me-
receptors (Rothberg et al., 1990a, 1992; Sargiacomo chanical disruption and isolated the plasma membrane
et al., 1993). Although caveolar and noncaveolar deter- constituents by buoyant density centrifugation in the
gent-resistant domains can coexist in the same cell presence of protein tyrosine phosphatase inhibitors
(Schnitzer et al., 1995; Liu et al., 1997; Simons and Iko- (Smart et al., 1995; Rodgers and Rose, 1996). The rela-
nen, 1997), and hence not all constituents of detergent- tive abundance of candidate proteins in the plasma
resistant domains necessarily colocalize, the list of path- membrane and DIG fractions was then assessed by
way-related signaling molecules in detergent-resistant comparing the prevalence of the proteins in the different
fractions is extensive. Among them are Src family and fractions after an equal amount of total protein from
receptor tyrosine kinases, monomeric and heterotri- each fraction was fractionated on an acrylamide gel and
meric G proteins, G-coupled protein receptors, an IP3 transferred to a membrane.
responsive Ca21 channel, Ca21 ATPase, and the high- When this fractionation scheme was applied to resting
affinity IgE receptor (Cinek and Horejsi, 1992; Fujimoto Jurkat cells, caveolin was not detectable, consistent
with earlier reports (Fra et al., 1994, 1995b), whereas
it could easily be detected in MDCK cells (Figure 1a)³To whom correspondence should be addressed (e-mail: seed@
(Sargiacomo et al., 1993). In accord with other studies,molbio.mgh.harvard.edu).
§These authors contributed equally to this work. the detergent-resistant membranes were enriched for
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Figure 1. Isolation and Characterization of Detergent-Insoluble Membrane Compartment in MDCK Cells and Jurkat Cells
(a) Protein blots of detergent insoluble complexes from MDCK cells and Jurkat cells bearing a marker protein, PI-linked IgG. Extracts containing
5 mg of total protein from cytoplasmic (C), membrane (M), and DIG (D) cellular compartments were loaded in each lane. GM1 was detected
by reaction with HRP-coupled cholera toxin and was found to migrate with the dye front; PIP2 was analyzed by antibody reactivity.
(b) Anti-phosphotyrosine analysis of proteins in the cytoplasmic, membrane, and DIG fractions of Jurkat Ig-PI cells before and after treatment
with anti-TCR antibody OKT3.
glycosphingolipids as determined by reactivity with chol- Jurkat cells were stimulated with OKT3 antibody and
subjected to fractionation and analysis. When equalera toxin (Fra et al., 1995a; Schnitzer et al., 1995), which
recognizes ganglioside GM1 (Figure 1a). PIP2 was also amounts of protein are loaded, the extent and diversity
of tyrosine phosphorylation in the DIG fraction signifi-enriched in these fractions (Figure 1a) (Pike and Casey,
1996). Several proteins have been shown previously to cantly exceeds that in the cytosol or bulk plasma mem-
brane (Figure 1b). In order to determine better the DIGlocalize specifically to the detergent-insensitive fraction
of T cells including CD4 and Lck (Cinek and Horejsi, association of individual species detected in the total
phosphotyrosine blot, we conducted an analysis of sig-1992; Bohuslav et al., 1993; Rodgers and Rose, 1996),
and the fractionation scheme we employed reproduces naling molecules known or suggested to be associated
with the membrane-proximal TCR signaling complex.this result as well as the findings that theprotein tyrosine
phosphatase CD45 (Rodgers and Rose, 1996), paxillin Figure 2 shows that several such molecules areconstitu-
(Smart et al., 1995), and transferrin receptor (CD71) tively localized at high relative abundance in the deter-
(Smart et al., 1995) are excluded from the detergent- gent-resistant fraction, whereas others accumulate in
insoluble fraction (Figure 1a). Hence, the compartment the fraction following activation (Figure 2). Among the
analyzed by this approach shares the properties at- former are the adapter protein Cbl, which acts as an
tributed to DIG domains (Fra et al., 1994, 1995b) and inhibitor of TCR signaling (Panchamoorthy et al., 1996;
to the combined detergent-resistant fraction identified Lupher et al., 1997; Ota and Samelson, 1997), the Syk
with a different detergent formulation (Cinek and Horejsi, tyrosine kinase, and the monomeric G protein Ras, pre-
1992). viously identified in caveolar membranes (Song et al.,
1996). The adaptor Grb2 and the Ras target Raf show
little enrichment in detergent-insensitive membrane ei-Protein Traffic into the DIG Compartment
after Activation ther before or after activation. In the latter case, this
may reflect the relative lability of Ras±Raf interactions,To study events taking place in different subcellular
compartments following T cell receptor engagement, which could preclude their detection by the fractionation
Figure 2. OKT3-Mediated Redistribution of
Signaling Molecules in Jurkat PI-Ig Cells
Cytoplasmic (C), membrane (M), and DIG (D)
fractions wereprepared by isopycnicsucrose
gradient centrifugation and equal amounts of
protein from each fraction were analyzed by
immunoblotting.
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scheme, or an inappropriate choice of time for analysis. kDa appears (Figure 3). Consistent with previous identifi-
cation of this species as phosphorylated z (Baniyash etThe Rac GTP exchange factor Vav, found in the cytosol
in the resting cell, becomes more prevalent in the DIG al., 1988), reprobing the blot with an anti-phosphotyro-
sine antibody revealed strong reactivity. Phosphory-fraction on activation. Vav is thought to participate in a
signal transduction chain leading through the adaptor lated z in the bulk plasma membrane was virtually unde-
tectable at equal loading of membrane protein (Figureprotein SLP-76 to cytokine secretion by a pathway dis-
tinct from that required for calcium mobilization (Gulbins 3), showing that the activated form of z is highly concen-
trated in the DIG fraction.et al., 1993; Tarakhovsky et al., 1995; Wu et al., 1996;
Collins et al., 1997; Crespo et al., 1997; Musci et al., PLCg1, which in Jurkat cells is found both in cytosolic
and membrane compartments, also increases in relative1997; Raab et al., 1997).
When polyclonal antibodies recognizing the regula- abundance in the detergent-resistant fraction following
TCR cross-linking (Figure 3). PLCg1 is phosphorylatedtory subunit of PI 3-kinase were used, several species
were detected (Figure 2). Four forms capable of cross- on tyrosine following TCR activation (Carter et al., 1991;
Park et al., 1991a, 1991b; Secrist et al., 1991; Weiss etreacting with polyclonal antibodies, p85a, p85b, p55a,
and p55g, have been identified in the literature; of these, al., 1991; Li et al., 1992), and tyrosine phosphorylation
is associated with an increase in enzyme activity (Ni-the a and b forms have been shown to be differentially
regulated in T cells (Reif et al., 1993), whereas the low shibe et al., 1990). As was the case for z, the tyrosine-
phosphorylated form of PLCg1 is strongly concentratedmolecular weight forms have been only recently identi-
fied and are much less well understood (Inukai et al., in the DIG fraction and virtually undetectable in the bulk
plasma membrane fraction (Figure 3). Prolonged elec-1996). The highest molecular mass isoform, p85b, is
enriched in DIG membranes, whereas the slightly smaller trophoresis led to resolution of the PLCg1 band into a
doublet (Figure 3, inset) in which the upper band parti-p85a form is enriched in bulk plasma membrane (Figure
2). Following stimulation, the low molecular weight iso- tioned into the DIG fraction and the lower band parti-
tioned into the bulk membrane fraction. Alignment offorms of PI 3-kinase appear in approximately equal con-
centration in bulk and detergent-insensitive membrane the images showed that the upper band reacted with
anti-phosphotyrosine antibody, whereas the lower did(Figure 2). A similar pattern is shown by the adapter
protein Shc, which mobilizes to both plasma and DIG not (Figure 3; data not shown).
These results show that the activated forms of bothmembrane following activation (Figure 2).These findings
are consistent with reports that Shc associates with the proximal and distal elements of the TCR early activation
chain are enriched in a detergent-insensitive membranez chain of the TCR following activation and binds to
acidic lipids through its PTB domain (Ravichandran et compartment and that pathways that lead both to cal-
cium mobilization and to cytokine secretion are engagedal., 1993, 1997).
in the detergent-insoluble fraction. A key question is
thus whether integrity of the DIG compartment is re-TCR Activation Increases the Concentration
quired for T cell activation. To answer this, we turned toof Tyrosine Phosphorylated Proteins
experimental agents which selectively target detergent-in the Detergent-Insoluble
resistant rafts and cell surface gangliosides.Membrane Fraction
Tyrosine phosphorylation of cellular proteins is one of
the earliest detectable biochemical events following an- Dispersion of Lipid-Rich Microdomains Inhibits
tigen receptor engagement (Mustelin, 1994; Weiss and the TCR Activation Response
Littman, 1994; Chan and Shaw, 1996; Wange and Samel- Filipin and nystatin are polyene antifungal agents that
son, 1996). To analyze the relative abundance in the DIG disrupt cholesterol-rich membrane domains. Studies
fraction of phosphotyrosine proteins, we isolated them with epithelial and endothelial cells have shown that
from the different fractions by adsorption to an immobi- these agents disperse caveolar domains throughout the
lized anti-phosphotyrosine antibody followed by elution plasma membrane (Rothberg et al., 1990a, 1990b, 1992;
with phenylphosphate. The eluates were fractionated Schnitzer et al., 1994; Stahl and Mueller, 1995), and in
by electrophoresis and transferred to membranes, then T cells nystatin inhibits the internalization of a PI-linked
probed with specific antibodies. The relative concentra- surface protein, CD59, following cross-linking of its ec-
tion of Zap-70 is highest in the cytosol of resting cells todomain (Deckert et al., 1996). Jurkat cells exposed to
and is increased in the detergent-insensitive fraction nystatin or filipin do not undergo gross changes in cell
after activation (Figure 3). Src family kinases Lck and surface expression of either TCR or PI-linked proteins
Fyn, however, show no difference in either localization (Figures 4a and 4b; data not shown). However, nystatin-
or gross phosphorylation following activation. This likely or filipin-treated cells show a reversible impairment in
reflects their high constitutive phosphorylation on C-ter- the ability to mobilize calcium in response to OKT3 (Fig-
minal tyrosine. ures 4a and 4b). Cells incubated with polyene antifun-
gals retain viability and removal of antibiotic allows them
to reacquire responsiveness to OKT3 (Figures 4a andTyrosine-Phosphorylated TCR z chain and PLCg1
Are Concentrated in the DIG Fraction 4b). Consistentwith the finding that calcium mobilization
is impaired under these conditions, cells preincubatedon TCR Activation
Upon activation the relative abundance of the TCR z with nystatin or filipin show decreased tyrosine phos-
phorylation of CD3 z and PLCg1 in response to OKT3chain increases in the detergent-resistant portion, and
a new species migrating with an apparent mass of 23 antibody (Figure 4c).
Immunity
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Figure 3. Antigen Receptor Complex Local-
izes to DIG Compartment Following TCRActi-
vation
The upper panels in each pair show the
protein detected by immunoblot of equal
amounts of total protein loaded from the cy-
toplasmic, membrane, and DIG fractions. For
the lower panels of eachpair onthe left, equal
amounts of total protein were adsorbed to
immobilized anti-phosphotyrosine antibody
and eluted with phenylphosphate. The elu-
ates were then analyzed by immunoblotting
with the antibodies shown. In the panels at
the right, CD3 z and PLCg1 were detected by
immunoblotting. In the lower pair of panels,
the blots were stripped and reprobed with
anti-phosphotyrosine antibodies. The lowest
panel on the right is an expanded view of the
anti-PLCg1 blot of cells treated with OKT3
showing the separation of the PLCg1 band
into a doublet.
Extraction of Cholesterol from Lipid-Rich IgG-PI protein on Jurkat cells without affecting cell sur-
face CD3 expression (Figure 5a). However, some lipid-Microdomains Impairs Calcium Mobilization
Another approach to perturb DIG function relies on the linked cell surface proteins are partially refractory to
ganglioside treatment, as only 10%±50% of cell surfacereversible extraction of cholesterol (Klein et al., 1995;
Scheiffele et al., 1997). Methyl b cyclodextrins, partially CD59, a ubiquitous PI-linked protein that interferes with
the complement membrane attack complex, could bemethylated circular glucose a(1,4)-linked heptamers,
preferentially extract cholesterol from eukaryotic plasma comodulated with CD4 under conditions that resulted
in complete internalization of CD4 (data not shown).membranes,presumably by an entropically driven mecha-
nism based on the formationof inclusion complexes with
the hydrophobic cyclodextrin cavity. Consistent with the Ganglioside Treatment Impairs Activation
results obtained with the polyene antifungal agents, cho- Like the nystatin- and filipin-treated cells, ganglioside-
lesterol depletion of membranes with methyl b cyclo- treatedJurkat cells have diminished capacity tomobilize
dextrins results in dimished calcium mobilization (Figure calcium in response to OKT3 but retained a normal re-
4d). Thus, agents that alter cholesterol organization or sponse to ionomycin (Figure 5b). Inhibition of signaling
diminish cholesterol concentration in the membrane is not likely due to loss of CD4 contributions, as the
have the ability to impair the early steps of T cell acti- Jurkat cells used in these studies have minimal levels
vation. of CD4 (data not shown). As was noted with the polyene
antifungals, ganglioside treatment compromisedthe ac-
tivation-dependent tyrosine phosphorylation of TCR zExogenous Gangliosides Induce Internalization
(Figure 5c).of Some DIG Components
To perturb DIG function by a cholesterol-independent
mechanism, we explored the use of exogenous ganglio- Discussion
sides. Treatment of T cells with sialylated gangliosides
has been reported to reduce cell surface expression of In resting T cells, the ganglioside-rich membrane com-
partment is a repository for CD4 and Src family kinases.CD4 by selective endocytosis through an unexplained
mechanism (Offner et al., 1987; Kawaguchi et al., 1989; The TCR in such cells has no predilection for the DIG
compartment, consistent with other studies (Cinek andRepke et al., 1992; Sorice et al., 1995). Because CD4 is
highly enriched in DIG domains, a plausible explanation Horejsi, 1992; Deckert et al., 1996) and with our finding
that ganglioside treatment does not cause TCR inter-for this phenomenon is that exogenous gangliosides
cause internalization of DIG components. In turn this nalization. However, receptor clustering induces a pro-
found concentration of phosphorylated TCR in the Srcpredicts that gangliosides should cause endocytosis
of PI-linked proteins. Under conditions that promote kinase±rich domain. This likely explains why the se-
quence elements necessary for Fyn kinase associationendocytosis of CD4, addition of sialylated gangliosides
to the medium abrogates cell surface expression of the with the TCR coincide with N-terminal myristoylation
T Cell Receptor Membrane Localization
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Figure 4. Polyene Antifungal Agents and Methyl-b-Cyclodextrin Compromise OKT3-Mediated TCR Activation
Nystatin and filipin reversibly compromise the response to OKT3 but do not change the cell surface density of TCR or PI-linked Ig. (a) Nystatin
studies; (b) filipin studies. Top panels: neither agent reduces the abundance of TCR or PI-linked Ig on Jurkat PI-Ig cells. Lower panel: calcium
mobilization of Jurkat PI-Ig cells treated with nystatin or filipin, loaded with calcium-sensitive fluorophore, treated with MAb OKT3, and
analyzed by flow cytometry. (c) Cells exposed to polyene antifungals and treated with OKT3 were analyzed by blot analysis for the presence
of tyrosine phosphorylated PLCg1 or CD3 z. PLCg1 was analyzed by immunoprecipitation and blot analysis; z was identified in total anti-
phosphotyrosine blots by reaction with specific antibody. Blots were stripped and reprobed to document equal loading. (d) Methyl-b-
cyclodextrin interferes with calcium mobilization in a dose-dependent manner following TCR cross-linking. Shown is the relative fluorescence
of fluorophore-loaded cells exposed to methyl-b-cyclodextrin at the indicated concentrations for the indicated times, treated with MAb OKT3,
and analyzed by flow cytometry.
and palmitoylation sites (Timson Gauen et al., 1992; these sites compromises the ability of chimeric Lck to
support signal transduction (Kabouridis et al., 1997).Shenoy-Scaria et al., 1993, 1994). Although TCR and Fyn
do not colocalize constitutively (or colocalize weakly), Phosphorylation of the TCR by Src family kinases is
an essential early step in T cell activation, allowing dock-these sites indirectly mediate an association with acti-
vated TCR following receptor engagement. Similar stud- ing and activation of Syk family kinases (Mustelin, 1994;
Weiss and Littman, 1994; Chan and Shaw, 1996; Wangeies using Lck have shown that theN-terminal palmitoyla-
tion sites are critical for activity and that mutation of and Samelson, 1996). Because enzyme and substrate
Immunity
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Figure 5. Gangliosides Internalize DIG Domains and Attenuate TCR Activation
(a) Ganglioside GM1 causes internalization of PI-linked Ig in Jurkat PI-Ig cells and CD4 in 1743CEM cells without affecting cell surface TCR
density; (b) treated cells show a reversible impairment of calcium mobilization. The latter is shown as the relative fluorescence of ganglioside-
treated cells loaded with a calcium-sensitive fluorophore, treated with MAb OKT3, and analyzed by flow cytometry. (c) Gangliosides attenuate
OKT3-induced tyrosine phosphorylation. Samples were treated with 0, 250, or 500 mg/ml of GM1 and analyzed as for Figure 4.
initially reside in separate compartments, the mecha- requirement for a mechanism allowing CD45 to migrate
into the DIG fraction upon activation. Supporting thisnism of activation must provide for exchange of one or
both components. It is interesting in this respect that view that CD45 must migrate into the DIG domain are
studies using CD45:EGF receptor chimeras that havewe find Syk, which like Lck and Fyn can phosphorylate
TCR intracellular chains (Chu et al., 1996) and can pro- shown that the continued action of CD45 is required for
T cell activation, suggesting that a fraction of CD45mote TCR-induced Erk2 activation (Williamset al., 1997),
is also enriched in the DIG compartment relative to bulk must be colocalized with the signal transduction target
it activates (Desai et al., 1993). However, reasoningplasma membrane. Because Syk has not been reported
to be substituted with lipid nor does it bear any obvious based on the expected steric consequences of colocali-
zation of CD45 with antigen receptor suggest that colo-motifs for acylation, it may localize to the DIG domain
by interaction with another DIG constituent. calization should be inhibitory to signal transduction
(Shaw and Dustin, 1997).Localization of signal transduction intermediates to a
detergent microdomain may also coincide with a reorga- Previous studies have shown that CD4 associates
with the TCR following activation (Gallagher et al., 1989;nization of cytoskeletal elements to the activated recep-
tor sites. In the murine antigen-specific T cell hybridoma Mittler et al., 1989; Chuck et al., 1990). Our data indicate
that this association arises by recruitment of the TCR2B4, 10%±40% of total cell z localizes to the insoluble
fraction and approximately 90% of the cell surface z is into the DIG compartment rather than by migration of
the CD4:Lckcomplex into the surrounding plasmamem-associated with insoluble fraction following activation
(Caplan et al., 1995). Furthermore, antibody cross-link- brane and is consistent with recent studies on the high-
affinity IgE receptor, which demonstrate colocalizationing of the TCR leads to an actin microfilament-depen-
dent association of phosphorylated z with the detergent- of receptor with rafts and accumulation of activated
receptor complexes in these structures upon activationinsoluble fraction (Caplan et al., 1995; Rozdzial et al.,
1995), and this translocation correlates with receptor- (Field et al., 1995, 1997; Stauffer and Meyer, 1997). The
concentration of active receptor in DIG domains sug-dependent cytokine production.
Phosphorylation and dephosphorylation events are gests that endocytosis of activated TCR may be separa-
ble from endocytosis of resting TCR, which displaystightly coupled following TCR activation. CD45 is thought
to mediate an essential dephosphorylation of Src family a pattern of inhibitor sensitivity different from that for
internalization of PI-linked proteins (Deckert et al., 1996).kinases concurrent with TCR activation. However, CD45
is not found in the DIG fraction (Rodgers and Rose, An interesting aspect of DIG domains and the preny-
lated proteins found in them is their common dependence1996) and so the present findings pose an apparent
T Cell Receptor Membrane Localization
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were homogenized with 10 strokes of a loose-fitting Dounce homog-on branched hydrocarbons derived from mevalonate
enizer, gently mixed with an equal volume of 85% sucrose (w/v) inthrough the pathway that gives rise to isoprenoids and
MBS, and placed in the bottom of a SW40 centrifuge tube. Thethe sterol nucleus. The rate-limiting enzyme in this path-
sample was then overlaid with 6 ml of 35% sucrose and 4 ml of 5%
way, 3-hydroxy-3-methylglutaryl-CoA reductase (HMG- sucrose in MBS with 1 mM Na3VO4 and spun 14±16 hr at 200,000 3
CoA reductase), is the target of widely used cholesterol- g at 48C. DIG domains were harvested by collecting 1 ml fractions
from the bottom or by aspiration of the visible band at the 35/5%lowering agents. Consistent with this, it has been found
sucrose interface with a syringe.that HMG-CoA reductase inhibitors diminish activation
Postnuclear supernatant (PNS), cytosol, and membrane fractionsmediated by the IgE receptor in basophilic leukemia
were prepared as described (Smart et al., 1995). Briefly, 1 3 108cellsand phospholipid-linked proteins inT cells (Shakar-
Jurkat cells or ten 10 cm plates of MDCK cells were rinsed with
jian et al., 1993; Stulnig et al., 1997). PBS, resuspended in 1 ml of homogenization buffer (0.25 M sucrose,
It has become clear in recent years from a growing 1 mM EDTA, 20 mM Tricine [pH 7.8], 1 mM Na3VO4, 1 mM PMSF, 1
mg/ml aprotinin), homogenized with 15 strokes of a 2 ml Wheatonbody of evidence that detergent-resistant rafts comprise
tissue grinder, and centrifuged at 1000 3 g for 10 min. The superna-anatomically distinct subsets of plasma membrane and
tant was removed and stored on ice. The pellet was resuspendedthat these subsets are enriched for a variety of important
in 1 ml of homogenization buffer, homogenized with another 15signaling proteins. To date, evidence documenting a
strokes, and centrifuged at 1000 3 g for 10 min. The supernatant
functional role for this compartment has been scarce. was removed and combined with the supernatant from the initial
The data presented here show that in T cells the ana- spin to form the PNS. Cytosol was prepared by diluting 0.5 ml of
PNS with 4 ml of the homogenization buffer and centrifuging for 1tomic differentiation of the plasma membrane has im-
hr at 368,000 3 g in an SW55 rotor. Plasma membrane was preparedportant consequences for antigen receptor signaling. It
by overlaying 30% Percoll in homogenization buffer with 1.5 ml ofis likely that such signaling shows high sensitivity to
PNS and centrifuging at 84,000 3 g (35,000 rpm) for 35 min in aperturbations of the raft compartment because it de-
Beckman Ti 70 rotor. The opaque membrane band was collected
pends on an accumulation of activated receptors from by aspiration from the side of the tube. All steps were done at
a resting pool initially distributed uniformly throughout 08C±48C. Protein concentration was determined by a detergent-
insensitive protocol (BioRad DC assay).the membrane, and because receptor activation itself
CD3 cross-linking was performed by incubating Jurkat cells (2 3is a process driven by aggregation. Moreover, because
107/ml) in Hanks' balanced salt solution (Sigma) with 5 mg/ml OKT3antigen recognition is central to the regulation of the
for 3 min at 378C. Proteinsamples separated by SDS-PAGE in reduc-immune system, it is reasonable to anticipate that regu-
ing conditions (1% BME) except for CD45 blotting, which was done
lated localization of otherelements of the target recogni- in nonreducing conditions. Gels were transfered to a polyvinylidene
tion complex will have significant functional implica- difluoride membrane (Immobilon-P, Millipore Co.) in a transfer buffer
consisting of 20 mM Tris HCl, 150 mM glycine, and 20% methanol.tions.
Membranes were blocked in 3% chicken ovalbumin TBST for 1
hr at RT. Primary and secondary antibodies were diluted to theExperimental Procedures
appropriate concentration in TBST and incubated with the mem-
brane for 1 hr at RT followed by four 10 min rinses with TTBS.Cell Lines and Reagents
Detection of HRP-conjugated antibodies was performed using en-MDCK cells werepurchased from the American Type Culture Collec-
hanced chemiluminescence (ECL, Amersham Co.) on preflashedtion (Rockville, MD). The Jurkat subclone used in this work is a lab
film (X-Omat, Eastman Kodak Co., Rochester, NY).isolate that has been engineered to express SV40 large T antigen
and several inducible cell surface proteins and lacks detectable
CD4. 1743CEM (NIH AIDS Reference Reagent Repository) is a so-
Organelle Assaysmatic hybrid between a T cell tumor (CEM) and a B cell line (174)
4-Methylumbelliferyl (4-MU)-conjugated b-D-glucuronide, a-D-glu-that is often used to support HIV growth in culture and expresses
coside, and a-D-mannopyranoside were used as enzyme substratesabundant CD4. A PI-linked human IgG Fc gene was produced by
for b-glucuronidase (lysosome), a-glucosidase II (ER), and a-man-ligating a human IgG1 genomic fragment encoding the CH2 and
nosidase II (Golgi), respectively. A portion of each fraction (20 mL)CH3 domains between a leader sequence from human CD5 and a
was added to 50 mL of PBS containing 0.1% Triton X-100, 0.25 mg/PI-addition sequence from human CD58. The sIg-PI segment was
mL BSA, and 2.5 mg of 4-MU (from a 10 mg/mL stock solution ininserted into an expression vector under the control of the SFFV
DMSO). Samples were incubated at RT for 2±5 hr, quenched withLTR, electroporated into Jurkat cells, and clones resistant to 1 mg/
the addition of 200 mL of 0.5 M glycine and 0.5 M Na2CO3, dilutedml puromycin were isolated. Antibodies against the following pro-
in a fluorometric cuvette with PBS, and fluorescence at 450 nmteins were obtained as follows: caveolin, Fyn, Zap-70, PI3-kinase,
following excitation at 355 nm was recorded. The endosomal com-SHC, paxillin, and c-Raf-1, Transduction Laboratories (Lexington,
partment was assayed by endocytosis of soluble HRP as describedKY); Ras and HRP-conjugated anti-human IgG Fc specific, Chemi-
(Gorvel et al., 1991). Cells were washed with 48C PBS and incubatedcon (Los Angeles, CA); PLCg1 and Grb2, Santa Cruz Biotechnology,
at a concentration of 107 cells/mL for 5 min at 378C with 2 mg/mLInc. (Santa Cruz, CA); CD71, Zymed (So. San Francisco, CA); CD45,
HRP diluted in serum-free IMDM supplemented with 10 mM glucoseSigma; CD4, SmithKline Beecham Pharmaceuticals (King of Prussia,
and 10 mM HEPES (pH 7.4). The cells were washed five times forPA); anti-phosphotyrosine (4G10) and HRP-conjugated 4G10, Up-
5 min with ice-cold PBS supplemented with 5 mg/mL bovine serumstate Biotechnology Inc. (Lake Placid, NY); and phosphatidylinositol
albumin and lysed with TX-100, and the soluble and insoluble mate-4,5-bisphosphate, PerSeptive Biosystems (Framingham, MA). HRP-
rial was separated by sucrose step-gradient centrifugation as de-conjugate cholera toxin b subunit and GM1 were from Sigma. HRP-
scribed above. Membrane protein was assayed by surface biotinyla-conjugated secondary antibodies were purchased from Dako (Car-
tion as described previously (Lisanti et al., 1990). Briefly, cells werepinteria, CA).
washed three times with PBS-C/M (20 mM sodium phosphate, 0.15
M NaCl, 1 mM MgCl2, 0.1 mM CaCl2 [pH 7.4]) for 10 min and thenCell Lysis and Fractionation
incubated with 0.5 mg/mL sulfo-LC-NHS-biotin (Pierce) in PBS-C/MJurkat cells (1±2 3 107) were rinsed with PBS and resuspended in
for 30 min at 48C with gentle agitation. The cells were pelleted and1 ml of ice-cold MBS (25 mM MES, 150 mM NaCl [pH 6.5]), 0.5%
the reaction was quenched with 50 mM glycine in PBS-C/M andTriton X-100, 1 mM Na3VO4, 2 mM EDTA, 1 mM PMSF, and 1 mg/
washed two times with PBS-C/M for 10 min. All steps were doneml aprotinin. Ten 10 cm plates of MDCK cells harvested with 1.5
on ice. Cells were lysed with TX-100, and the soluble and insolublemM EDTA in PBS were similarly lysed, except 2 ml of 1% Triton
X-100 was used. Following a 30 min incubation on ice, the lysates material was separated by sucrose step-gradient centrifugation.
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Calcium Mobilization Assay Bohuslav, J., Cinek, T., and Horejsi, V. (1993). Large, detergent-
resistant complexes containing murine antigens Thy-1 and Ly-6 andJurkat cells were collected by centrifugation and resuspended at
2 3 106 in serum-free medium containing 1 mM fluo-3 and incubated protein tyrosine kinase p56lck. Eur. J. Immunol. 23, 825±831.
at room temperature for 30 min. Cells loaded with fluo-3 were then Brown, D.A., andRose, J.K. (1992). Sorting of GPI-anchored proteins
incubated with nystatin (75 mg/ml, 60±75 min), filipin (1.67 mg/ml, to glycolipid-enriched membrane subdomains during transport to
5±10 min), b methyl cyclodextrin (1.2±25 mM added for 10±20 min) the apical cell surface. Cell 68, 533±544.
or GM1 gangliosides (250 mg/ml, 60±90 min) in serum-free Iscove's Caplan, S., Zeliger, S., Wang, L., and Baniyash, M. (1995). Cell-
modified Dulbecco's medium (IMDM) at 378C. Fluo-3-loaded cells surface-expressed T-cell antigen-receptor zeta chain is associated
were pelleted and resuspended at 1 3 106/ml in Hanks' buffered with the cytoskeleton. Proc. Natl. Acad. Sci. USA 92, 4768±4772.
saline solution (HBSS), 2.5 mM NaHCO3 with HEPES (pH 7.4), and
Carter, R.H., Park, D.J.,Rhee, S.G., and Fearon, D.T. (1991). Tyrosinewashed twice. To initiate the calcium response and analyze tyrosine
phosphorylation of phospholipase C induced by membrane immu-phosphoproteins, TCR signaling was triggered by monoclonal anti-
noglobulin in B lymphocytes. Proc. Natl. Acad. Sci. USA 88, 2745±body (MAb) OKT3 at 1 mg/ml. Cells were analyzed for free calcium
2749.ion by measurement of fluo-3 fluoresence emission by flow cytome-
Casey, P.J. (1995). Protein lipidation in cell signaling. Science 268,try. T cells treated with nystatin or filipin were washed in complete
221±225.media two times, incubated in IMDM containing 20% FBS for 6 hr,
and calcium flux was initiated as described above. Chan, A.C., and Shaw, A.S. (1996). Regulation of antigen receptor
signal transduction by protein tyrosine kinases. Curr. Opin. Immunol.
Surface Staining and Tyrosine Phosphorylation Assays 8, 394±401.
Jurkat or 1743CEM cells were washed two times in serum free Chang, W.J., Ying, Y.S., Rothberg, K.G., Hooper, N.M., Turner, A.J.,
IMDM and incubated with nystatin (75 mg/ml, 45±60 min), filipin (1.67 Gambliel, H.A., De Gunzburg, J., Mumby, S.M., Gilman, A.G., and
mg/ml, 10 min) or GM1 (250±500 mg/ml, 60±90 min), all obtained from Anderson, R.G. (1994). Purification and characterization of smooth
Sigma, St. Louis, MO. At theend of incubation, the cellswere washed muscle cell caveolae. J. Cell Biol. 126, 127±138.
twice in IMDM and stained for surface expression using PE-conju-
Chu, D.H., Spits, H., Peyron, J.F., Rowley, R.B., Bolen, J.B., and
gated anti-CD4, FITC-conjugated anti-CD3, and Cy3-conjugated
Weiss, A. (1996). The Syk protein tyrosine kinase can function inde-anti-Fc. Cells were gated by forward and side scatter to exclude
pendently of CD45 or Lck in T cell antigen receptor signaling. EMBOdebris.
J. 15, 6251±6261.Jurkat cells (3 3 106) preincubated with nystatin or filipin were
Chuck, R.S., Cantor, C.R., and Tse, D.B. (1990). CD4-T-cell antigenwashed and resuspended in serum-free IMDM. Aliquots were
receptor complexes on human leukemia T cells. Proc. Natl. Acad.treated with MAb OKT3 (1 mg/ml). Reactions were terminated by
Sci. USA 87, 5021±5025.the addition of 4 vol ice-cold lysis buffer containing 1% Triton X-100,
Cinek, T., and Horejsi, V. (1992). The nature of large noncovalent40 mM NaCl, 20 mM Tris-HCl (pH 7.3), 50 mM NaF, 2 mM EDTA,
complexes containing glycosyl-phosphatidylinositol-anchored mem-500 mM Na3VO4, 30 mM Na2P2O7, 10 mg/ml leupeptin, 5 mg/ml apro-
brane glycoproteins and protein tyrosine kinases. J. Immunol. 149,tonin, and 1 mM PMSF. After 10 min incubation on ice, the samples
2262±2270.were centrifuged (15,000 3 g, 15 min) to remove nuclear and cellular
debris. Postnuclear supernatants were immunoprecipitated for 2 hr Collins, T.L., Deckert, M., and Altman, A. (1997). Views on Vav. Immu-
at 48C with PLCg1-specific antisera bound to protein A agarose nol. Today 18, 221±225.
beads. The immunoprecipitates were washed three times, bound Crespo, P., Schuebel, K.E., Ostrom, A.A., Gutkind, J.S., and Bustelo,
proteins were eluted with 50 ml SDS sample buffer, and resolved X.R. (1997). Phosphotyrosine-dependent activation of Rac-1 GDP/
by (7.5%) SDS-PAGE. Proteins were transferred to nitrocellulose GTP exchange by the vav proto-oncogene product. Nature 385,
membranes, which were blocked overnight in Tris-buffered saline 169±172.
with 0.05% Tween-20 (TBST) containing 3% ovalbumin, washed in
Deckert, M., Ticchioni, M., and Bernard, A. (1996). Endocytosis ofTBST, transferred into TBST containing anti-phosphotyrosine anti-
GPI-anchored proteins in human lymphocytes: role of glycolipid-body 4G10 at 0.1 mg/ml, and incubated at 228C for 2 hr. After wash-
based domains, actin cytoskeleton, and protein kinases. J. Cell Biol.ing, filters were incubatedwith a 1:5000 dilution of anti-mousehorse-
133, 791±799.radish peroxidase conjugate in TBST for 1 hr. Total lysates obtained
Desai, D.M., Sap, J., Schlessinger, J., and Weiss, A. (1993). Ligand-from CD3 stimulated Jurkat cells (3 3 106) preincubated with nys-
mediated negative regulation of a chimeric transmembrane receptortatin, filipin, and gangliosides were probed for z phosphorylation.
tyrosine phosphatase. Cell 73, 541±554.Phosphorylated protein bands were detected by enhanced chemilu-
minescence (Amersham). Field, K.A., Holowka, D., and Baird, B. (1995). Fc epsilon RI-mediated
recruitment of p53/56lyn to detergent-resistant membrane domains
accompanies cellular signaling. Proc. Natl. Acad. Sci. USA 92, 9201±Acknowledgments
9205.
We thank Nils Jacobson for his comments on the manuscript and Field, K.A., Holowka, D., and Baird, B. (1997). Compartmentalized
members of the lab for advice and criticism. Anti-CD4 poly- activation of the high affinity immunoglobulin E receptor withinmem-
clonal antibodies were generously donated by Dr. Ray Sweet and brane domains. J. Biol. Chem. 272, 4276±4280.
1743CEM by Dr. Peter Cresswell through the NIH AIDS Research Fra, A.M., Williamson, E., Simons, K., and Parton, R.G. (1994). Deter-
and Reference Reagent Program. We thank Prof. Vaclav Horejsi for gent-insoluble glycolipid microdomains in lymphocytes in the ab-
providing MEM-43 antibody.This work was supported by NIH grants sence of caveolae. J. Biol. Chem. 269, 30745±30748.
AI27849, AI01472, and DK43031. R. X. and Q. L. are fellows of the
Fra, A.M., Masserini, M., Palestini, P., Sonnino, S., and Simons, K.
American Gastroenterology Association and the Arthritis Founda-
(1995a). A photo-reactive derivative of ganglioside GM1 specificallytion, respectively.
cross-links VIP21-caveolin on the cell surface. FEBS Lett. 375,
11±14.
Received March 18, 1998; revised May 6, 1998.
Fra, A.M., Williamson, E., Simons, K., and Parton, R.G. (1995b). De
novo formation of caveolae in lymphocytes by expression of VIP21-References
caveolin. Proc. Natl. Acad. Sci. USA 92, 8655±8659.
Fujimoto, T. (1993). Calcium pump of the plasma membrane is local-Anderson, R.G. (1993). Caveolae: where incoming and outgoing
ized in caveolae. J. Cell Biol. 120, 1147±1157.messengers meet. Proc. Natl. Acad. Sci. USA 90, 10909±10913.
Fujimoto, T., Nakade, S., Miyawaki, A., Mikoshiba, K., and Ogawa,Baniyash, M., Garcia-Morales, P., Luong, E., Samelson, L.E., and
K. (1992). Localization of inositol 1,4,5-trisphosphate receptor-likeKlausner, R.D. (1988). The T cell antigen receptor zeta chain is tyro-
protein in plasmalemmal caveolae. J. Cell Biol. 119, 1507±1513.sine phosphorylated upon activation. J. Biol. Chem. 263, 18225±
18230. Gallagher, P.F., de St. Growth, B.F., and Miller, J.F. (1989). CD4
T Cell Receptor Membrane Localization
731
and CD8 molecules can physically associate with the same T-cell Nishibe, S., Wahl, M.I., Hernandez-Sotomayor, S.M., Tonks, N.K.,
receptor. Proc. Natl. Acad. Sci. USA 86, 10044±10048. Rhee, S.G., andCarpenter, G. (1990). Increase of the catalyticactivity
of phospholipase C-gamma 1 by tyrosine phosphorylation. ScienceGorvel, J.P., Chavrier, P., Zerial, M., and Gruenberg, J. (1991). rab5
250, 1253±1256.controls early endosome fusion in vitro. Cell 64, 915±925.
Offner, H., Thieme, T., and Vandenbark, A.A. (1987). GangliosidesGulbins, E., Coggeshall, K.M., Baier, G., Katzav, S., Burn, P., and
induce selective modulation of CD4 from helper T lymphocytes. J.Altman, A. (1993). Tyrosine kinase-stimulated guanine nucleotide
Immunol. 139, 3295±3305.exchange activity of Vav in T cell activation. Science 260, 822±825.
Ota, Y., and Samelson, L.E. (1997). The product of the proto-onco-Hope, H.R., and Pike, L.J. (1996). Phosphoinositides and phospho-
gene c-cbl: a negative regulator of the Syk tyrosine kinase. Scienceinositide-utilizing enzymes in detergent-insoluble lipid domains.
276, 418±420.Mol. Biol. Cell 7, 843±851.
Panchamoorthy, G., Fukazawa, T., Miyake, S., Soltoff, S., Reedquist,Inukai, K., Anai, M., Van Breda, E., Hosaka, T., Katagiri, H., Funaki,
K., Druker, B., Shoelson, S., Cantley, L., and Band, H. (1996). p120cblM., Fukushima, Y., Ogihara, T., Yazaki, Y., Kikuchi, et al. (1996). A
is a major substrate of tyrosine phosphorylation upon B cell antigennovel 55-kDa regulatory subunit for phosphatidylinositol 3-kinase
receptor stimulation and interacts in vivo with Fyn and Syk tyrosinestructurally similar to p55PIK is generated by alternative splicing of
kinases, Grb2 and Shc adaptors, and the p85 subunit of phosphati-the p85alpha gene. J. Biol. Chem. 271, 5317±5320.
dylinositol 3-kinase. J. Biol. Chem. 271, 3187±3194.Kabouridis, P.S., Magee, A.I., and Ley, S.C. (1997). S-acylation of
Park, D.J., Min, H.K., and Rhee, S.G. (1991a). IgE-induced tyrosineLCK protein tyrosine kinase is essential for its signaling function in
phosphorylation of phospholipase C-gamma 1 in rat basophilic leu-T lymphocytes. EMBO J. 16, 4983±4998.
kemia cells. J. Biol. Chem. 266, 24237±24240.Kawaguchi, T., Nakakuma, H., Kagimoto, T., Shirono, K., Horikawa,
Park, D.J., Rho, H.W., and Rhee, S.G. (1991b). CD3 stimulationK., Hidaka, M., Iwamori, M., Nagai, Y., and Takatsuki, K. (1989).
causes phosphorylation of phospholipase C-gamma 1 on serine andCharacteristic mode of action of gangliosides in selective modula-
tyrosine residues in a human T-cell line. Proc. Natl. Acad. Sci. USAtion of CD4 on human T lymphocytes. Biochem. Biophys. Res.
88, 5453±5456.Comm. 158, 1050±1059.
Parton, R.G., and Simons, K. (1995). Digging into caveolae. ScienceKlein, U., Gimpl, G., and Fahrenholz, F. (1995). Alteration of the
269, 1398±1399.myometrial plasma membrane cholesterol content with beta-cyclo-
dextrin modulates the binding affinity of the oxytocin receptor. Bio- Pike, L.J., and Casey, L. (1996). Localization and turnover of phos-
chemistry 34, 13784±13793. phatidylinositol 4,5-bisphosphate in caveolin-enriched membrane
domains. J. Biol. Chem. 271, 26453±26456.Kurzchalia, T.V., Dupree, P., Parton, R.G., Kellner, R., Virta, H., Leh-
nert, M., and Simons, K. (1992). VIP21, a 21-kD membrane protein Raab, M., da Silva, A.J., Findell, P.R., and Rudd, C.E. (1997). Regula-
is an integral component of trans-Golgi-network-derived transport tion of Vav-SLP-76 binding by ZAP-70 and its relevance to TCR
vesicles. J. Cell Biol. 118, 1003±1014. zeta/CD3 induction of interleukin-2. Immunity 6, 155±164.
Li, W., Deanin, G.G., Margolis, B., Schlessinger, J., and Oliver, J.M. Ravichandran, K.S., Lee, K.K., Songyang, Z., Cantley, L.C., Burn,
(1992). Fc epsilon R1-mediated tyrosine phosphorylation of multiple P., and Burakoff, S.J. (1993). Interaction of Shc with the zeta chain
proteins, including phospholipase C gamma 1 and the receptor beta of the T cell receptor upon T cell activation. Science 262, 902±905.
gamma 2 complex, in RBL-2H3 rat basophilic leukemia cells. Mol. Ravichandran, K.S., Zhou, M.M., Pratt, J.C., Harlan, J.E., Walk, S.F.,
Cell. Biol. 12, 3176±3182. Fesik, S.W., and Burakoff, S.J. (1997). Evidence for a requirement
Lisanti, M.P., Le Bivic, A., Saltiel, A.R., and Rodriguez-Boulan, E. for both phospholipid and phosphotyrosine binding via the Shc
(1990). Preferred apical distribution of glycosyl-phosphatidylinositol phosphotyrosine-binding domain in vivo. Mol. Cell. Biol. 17, 5540±
(GPI) anchored proteins: a highly conserved feature of the polarized 5549.
epithelial cell phenotype. J. Membr. Biol. 113, 155±167. Reif, K., Gout, I., Waterfield, M.D., and Cantrell, D.A. (1993). Diver-
Lisanti, M.P., Scherer, P.E., Tang, Z., and Sargiacomo, M. (1994a). gent regulation of phosphatidylinositol 3-kinase P85 alpha and P85
Caveolae, caveolin and caveolin-rich membranes: a signaling hy- beta isoforms upon T cell activation. J. Biol. Chem. 268, 10780±
pothesis. Trends Cell Biol. 4, 231±235. 10788.
Lisanti, M.P., Scherer, P.E., Vidugiriene, J., Tang, Z., Hermanowski- Repke, H., Barber, E., Ulbricht, S., Buchner, K., Hucho, F., Kopp,
Vosatka, A., Tu, Y.H., Cook, R.F., and Sargiacomo, M. (1994b). Char- R., Scholz, H., Rudd, C.E., and Haseltine, W.A. (1992). Ganglioside-
acterization of caveolin-rich membrane domains isolated from an induced CD4 endocytosis occurs independent of serine phosphory-
endothelial-rich source: implications for human disease. J. Cell Biol. lation and is accompanied by dissociation of P56lck. J. Immunol.
126, 111±126. 149, 2585±2591.
Liu, J., Oh, P., Horner, T., Rogers, R.A., and Schnitzer, J.E. (1997). Robbins, S.M., Quintrell, N.A., and Bishop, J.M. (1995). Myristoyla-
Organized endothelial cell surface signal transduction in caveolae tion and differential palmitoylation of the HCK protein-tyrosine ki-
distinct from glycosylphosphatidylinositol-anchored protein micro- nases govern their attachment to membranes and association with
domains. J. Biol. Chem. 272, 7211±7222. caveolae. Mol. Cell. Biol. 15, 3507±3515.
Lupher, M.L., Jr., Songyang, Z., Shoelson, S.E., Cantley, L.C., and Rodgers, W., and Rose, J.K. (1996). Exclusion of CD45 inhibits activ-
Band, H. (1997). The Cbl phosphotyrosine-binding domain selects ity of p56lck associated with glycolipid-enriched membrane do-
a D(N/D)XpY motif andbinds to the Tyr292 negative regulatory phos- mains. J. Cell Biol. 135, 1515±1523.
phorylation site of ZAP-70. J. Biol. Chem. 272, 33140±33144. Rothberg, K.G., Ying, Y.S., Kamen, B.A., and Anderson, R.G. (1990a).
Mahaut-Smith, M.P. (1995). Calcium-activated potassium channels Cholesterol controls the clustering of the glycophospholipid-
in human platelets. J. Physiol. 484, 15±24. anchored membrane receptor for 5-methyltetrahydrofolate. J. Cell
Biol. 111, 2931±2938.Mineo, C., James, G.L., Smart, E.J., and Anderson, R.G. (1996).
Localization of epidermal growth factor-stimulated Ras/Raf-1 inter- Rothberg, K.G., Ying, Y.S., Kolhouse, J.F., Kamen, B.A., and Ander-
action to caveolae membrane. J. Biol. Chem. 271, 11930±11935. son, R.G. (1990b). The glycophospholipid-linked folate receptor in-
ternalizes folate without entering the clathrin-coated pit endocyticMittler, R.S., Goldman, S.J., Spitalny, G.L., and Burakoff, S.J. (1989).
pathway. J. Cell Biol. 110, 637±649.T-cell receptor-CD4 physical association in a murine T-cell hybrid-
oma: induction by antigen receptor ligation. Proc. Natl. Acad. Sci. Rothberg, K.G., Heuser, J.E., Donzell, W.C., Ying, Y.S., Glenney,
USA 86, 8531±8535. J.R., and Anderson, R.G. (1992). Caveolin, a protein component of
caveolae membrane coats. Cell 68, 673±682.Musci, M.A., Motto, D.G., Ross, S.E., Fang, N., and Koretzky, G.A.
(1997). Three domains of SLP-76 are required for its optimal function Rozdzial, M.M., Malissen, B., and Finkel, T.H. (1995). Tyrosine-phos-
in a T cell line. J. Immunol. 159, 1639±1647. phorylated T cell receptor zeta chain associates with the actin cy-
toskeleton upon activation of mature T lymphocytes. Immunity 3,Mustelin, T. (1994). T cell antigen receptor signaling: three families
of tyrosine kinases and a phosphatase. Immunity 1, 351±356. 623±633.
Immunity
732
Sargiacomo, M., Sudol, M., Tang, Z., and Lisanti, M.P. (1993). Signal Thomas, P.M., and Samelson, L.E. (1992). The glycophosphatidyl-
transducing molecules and glycosyl-phosphatidylinositol-linked inositol-anchored Thy-1 molecule interacts with the p60fyn protein
proteins form a caveolin-rich insoluble complex in MDCK cells. J. tyrosine kinase in T cells. J. Biol. Chem. 267, 12317±12322.
Cell Biol. 122, 789±807. Timson Gauen, L.K., Kong, A.N., Samelson, L.E., and Shaw, A.S.
Scheiffele, P., Roth, M.G., and Simons, K. (1997). Interaction of (1992). p59fyn tyrosine kinase associates with multiple T-cell recep-
influenza virus haemagglutinin with sphingolipid-cholesterol mem- tor subunits through its unique amino-terminal domain. Mol. Cell.
brane domains via its transmembrane domain. EMBO J. 16, 5501± Biol. 12, 5438±5446.
5508. Wange, R.L., and Samelson, L.E. (1996). Complex complexes: sig-
Schnitzer, J.E., Oh, P., Pinney, E., and Allard, J. (1994). Filipin-sensi- naling at the TCR. Immunity 5, 197±205.
tive caveolae-mediated transport in endothelium: reduced trans- Weiss, A., and Littman, D.R. (1994). Signal transduction by lympho-
cytosis, scavenger endocytosis, and capillary permeability of select cyte antigen receptors. Cell 76, 263±274.
macromolecules. J. Cell Biol. 127, 1217±1232.
Weiss, A., Koretzky, G., Schatzman, R.C., and Kadlecek, T. (1991).
Schnitzer, J.E., McIntosh, D.P., Dvorak, A.M., Liu, J., and Oh, P.
Functional activation of the T-cell antigen receptor induces tyrosine
(1995). Separation of caveolae from associated microdomains of
phosphorylation of phospholipase C-gamma 1. Proc. Natl. Acad.GPI-anchored proteins. Science 269, 1435±1439.
Sci. USA 88, 5484±5488.
Secrist, J.P., Karnitz, L., and Abraham, R.T. (1991). T-cell antigen
Williams, S., Couture, C., Gilman, J., Jascur, T., Deckert, M., Altman,receptor ligation induces tyrosine phosphorylationof phospholipase
A., and Mustelin, T. (1997). Reconstitution of T cell antigen receptor-C-gamma 1. J. Biol. Chem. 266, 12135±12139.
induced Erk2 kinase activation in Lck-negative JCaM1 cells by Syk.
Shakarjian, M.P., Eiseman, E., Penhallow, R.C., and Bolen, J.B. Eur. J. Biochem. 245, 84±90.
(1993). 3-Hydroxy-3-methylglutaryl-coenzyme A reductase inhibi-
Wu, J., Motto, D.G., Koretzky, G.A., and Weiss, A. (1996). Vav andtion in a rat mast cell line. Impairment of tyrosine kinase-dependent
SLP-76 interact and functionally cooperate in IL-2 gene activation.signal transduction and the subsequent degranulation response. J.
Immunity 4, 593±602.Biol. Chem. 268, 15252±15259.
Shaw, A.S., and Dustin, M.L. (1997). Making the T cell receptor go
the distance: a topological view of T cell activation. Immunity 6,
361±369.
Shenoy-Scaria, A.M., Kwong, J., Fujita, T., Olszowy, M.W., Shaw,
A.S., and Lublin, D.M. (1992). Signal transduction through decay-
accelerating factor. Interaction of glycosyl-phosphatidylinositol an-
chor and protein tyrosine kinases p56lck and p59fyn 1. J. Immunol.
149, 3535±3541.
Shenoy-Scaria, A.M., Gauen, L.K., Kwong, J., Shaw, A.S., and Lublin,
D.M. (1993). Palmitylation of an amino-terminal cysteine motif of
protein tyrosine kinases p56lck and p59fyn mediates interaction with
glycosyl-phosphatidylinositol-anchored proteins. Mol. Cell. Biol. 13,
6385±6392.
Shenoy-Scaria, A.M., Dietzen, D.J., Kwong, J., Link, D.C., and Lublin,
D.M. (1994). Cysteine3 of Src family protein tyrosine kinase deter-
mines palmitoylation and localization in caveolae. J. Cell Biol. 126,
353±363.
Simons, K.,and Ikonen, E. (1997). Functional rafts in cellmembranes.
Nature 387, 569±572.
Smart, E.J., Ying, Y.S., Mineo, C., and Anderson, R.G. (1995). A
detergent-free method for purifying caveolae membrane from tissue
culture cells. Proc. Natl. Acad. Sci. USA 92, 10104±10108.
Song, S.K., Li, S., Okamoto, T., Quilliam, L.A., Sargiacomo, M., and
Lisanti, M.P. (1996). Co-purification and direct interaction of Ras with
caveolin, an integral membrane protein of caveolae microdomains.
Detergent-free purification of caveolae microdomains. J. Biol.
Chem. 271, 9690±9797.
Sorice, M., Pavan, A., Misasi, R., Sansolini, T., Garofalo, T., Lenti,
L., Pontieri, G.M., Frati, L., and Torrisi, M.R. (1995). Monosialogangli-
oside GM3 induces CD4 internalization in human peripheral blood
T lymphocytes. Scand. J. Immunol. 41, 148±156.
Stahl, A., and Mueller, B.M. (1995). The urokinase-type plasminogen
activator receptor, a GPI-linked protein, is localized in caveolae. J.
Cell Biol. 129, 335±344.
Stauffer, T.P., and Meyer, T. (1997). Compartmentalized IgE recep-
tor-mediated signal transduction in living cells. J. Cell Biol. 139,
1447±1454.
Stefanova, I., Horejsi, V., Ansotegui, I.J., Knapp, W., and Stockinger,
H. (1991). GPI-anchored cell-surface molecules complexed to pro-
tein tyrosine kinases. Science 254, 1016±1019.
Stulnig, T.M., Berger, M., Sigmund, T., Stockinger, H., Horejsi, V.,
and Waldhausl, W. (1997). Signal transduction via glycosyl phospha-
tidylinositol-anchored proteins in T cells is inhibited by lowering
cellular cholesterol. J. Biol. Chem. 272, 19242±19247.
Tarakhovsky, A., Turner, M., Schaal, S., Mee, P.J., Duddy, L.P.,
Rajewsky, K., and Tybulewicz, V.L. (1995). Defective antigen recep-
tor-mediated proliferation of B and T cells in the absence of Vav.
Nature 374, 467±470.
